Complement activation plays a key role in mediating apoptosis, inflammation, and transplant rejection. In this study, the role of the complement 5a receptor (C5aR) was examined in human renal allografts and in an allogenic mouse model of renal transplant rejection. In human kidney transplants with acute rejection, C5aR expression was increased in renal tissue and in cells infiltrating the tubulointerstitium. Similar findings were observed in mice. When recipient mice were treated once daily with a C5aR antagonist before transplantation, long-term renal allograft survival was markedly improved compared with vehicle-treatment (75 versus 0%), and apoptosis was reduced. Furthermore, treatment with a C5aR antagonist significantly attenuated monocyte/macrophage infiltration, perhaps a result of reduced levels of monocyte chemoattractant protein 1 and the intercellular adhesion molecule 1. In vitro, C5aR antagonism inhibited intercellular adhesion molecule 1 upregulation in primary mouse aortic endothelial cells and reduced adhesion of peripheral blood mononuclear cells. Furthermore, C5aR blockade markedly reduced alloreactive T cell priming. These results demonstrate that C5aR plays an important role in mediating acute kidney allograft rejection, suggesting that pharmaceutical targeting of C5aR may have potential in transplantation medicine.
The complement activation products C3a and C5a, known as the anaphylatoxins, are potent proinflammatory mediators that play crucial roles in the pathogenesis of infection and inflammation. 1 C5a is a strong chemoattractant for neutrophils and macrophages and signals through C5a receptor (C5aR), which is a classical G protein-coupled receptor. C5aR is widely expressed on immune cells (neutrophils, macrophages, and dendritic cells [DC] ), 2, 3 microvascular endothelial cells, 4 alveolar epithelial cells, 5, 6 and renal glomerular mesangial cells 7, 8 and tubular epithelial cells. 9 Different components of the complement cascade have been investigated in experimental transplant models. Strategies reducing complement activation by using soluble complement receptor 1, 10 local C3 deficiency, 11 or anti-C5 mAb 12 resulted in partial inhibition of tissue injury and significant reduction in infiltrating leukocytes in rat renal and heart allografts. In addition, the clinical relevance of complement inhibition by soluble complement receptor 1 was shown in a multicenter trial, in which short-term blockade of complement before reperfusion led to an improved function of transplanted lungs. 13 Another important aspect of complement activation is its role in ischemia-reperfusion (IR) injury. In several models of experimental IR injury of liver, 14 limb, 15 heart, 16 and kidney, 17, 18 C5a or C5aR blockade successfully attenuated organ damage. Complement activation during ischemia and reperfusion contributes to the development of delayed graft function and tissue injury, which in turn negatively affects longterm outcome in transplantation 19 and also activates the innate immune system of the donor and the recipient. 20 C5 blockade has been shown to reduce ischemia-induced apoptosis, 21 leukocyte adherence to endothelium, and decreased microvascular permeability in myocardial ischemia. 16 In this study, we wanted to characterize the role of C5aR in acute kidney allograft rejection. We assessed the expression patterns of C5aR on human protocol biopsies after kidney transplantation with acute cell-mediated rejection, chronic tubulointerstitial damage (i.e., interstitial fibrosis and tubular atrophy [IF/TA]), and normal renal allograft morphology. Furthermore, we determined the efficacy of C5aR blockade in a life-supporting (no remaining host kidney) mouse model of acute renal allograft rejection. We found that short-term treatment of the recipient with a C5aR antagonist (C5aRA) significantly improved renal allograft survival when treatment was initiated before transplantation. Importantly, C5aR targeting reduced apoptosis, macrophage influx that was associated with decreased upregulation of monocyte chemoattractant protein 1 (MCP-1) and intercellular adhesion molecule 1 (ICAM-1), and alloreactive T cell priming.
RESULTS

C5aR Expression in Human and Experimental Renal Allograft Rejection
C5aR staining was performed on human protocol biopsies ( Figure 1 ). Ten biopsies with T cell-mediated rejection (TCMR) grade Banff Ia and Ib and nine biopsies showing IF/TA grades I and II were compared with seven histologically normal protocol biopsies. Patient characteristics are shown in Table 1 . The most eminent finding was that biopsies showing TCMR grade Banff Ib had high numbers of C5aR-positive infiltrating cells (Figure 1B) . No specific C5aR expression was detected in the glomeruli. In the tubuli, we did not detect any significant differences between normal biopsies ( Figure 1A ) and biopsies with TCMR ( Figure 1B ) or IF/TA ( Figure 1C ). C5aR expression could be seen in nonatrophic and atrophic tubules of the cortex and in average was detected in Ͻ10% of proximal tubuli and 10 to 30% of distal tubuli. Next, we investigated whether transplantation-induced upregulation of C5aR occurs in rejecting kidney allografts in mice. No C5aR expression was detected in normal renal mouse tissue ( Figure  2A ). We detected strong upregulation of C5aR expression in the tubulointerstitial infiltrating cells and in mesangial cells of rejecting mouse kidney allografts (grade Banff Ia) at 6 d after transplantation (Figure 2 , B and C). Furthermore, as observed in the human allografts, C5aR expression was detected in atrophic tubules of the cortex ( Figure 2C ϩ or CD8 ϩ infiltrating T lymphocytes (data not shown). These data point toward an activation of the C5a/ C5aR system in both human and mouse allograft rejection.
C5aR Antagonism Resulted in Long-Term Survival after Experimental Allogeneic Kidney Transplantation
To study the effect of C5aR inhibition on acute kidney allograft rejection, we used a mouse renal transplant model. Recipients were treated once daily with either vehicle or C5aRA for 6 d or 3 wk. Treatment was initiated either before transplantation or immediately after transplantation once reperfusion had already occurred. All vehicle-treated recipients died within 11 d after surgery. In contrast, initiation of treatment with the C5aRA JPE-1375 before transplantation caused long-term survival (12 wk) in 75% of the recipients receiving C5aRA treatment for 6 d and in 67% of the recipients receiving C5aRA treatment for 21 d. When C5aRA treatment was initiated immediately after transplantation, allograft rejection was delayed but not prevented. Long-term survival was not obtained (Figure 3A) . These results suggest that C5aR is a critical effector in acute renal allograft rejection and may indicate that C5aR con- BASIC RESEARCH www.jasn.org tributes more to the initial ischemia-induced events of allograft injury.
C5aR Inhibition Preserved Renal Function after Experimental Allogeneic Kidney Transplantation
Renal function was studied by measurement of serum creatinine levels ( Figure 3B ). An early increase in serum creatinine was detected in all groups 24 h after transplantation as a result of transplant-associated IR injury. Six days after transplantation, vehicle-treated recipients developed severe loss of renal function as reflected in profound serum creatinine elevation (281 Ϯ 48 mol/L). In contrast, the renal function of recipients receiving C5aRA treatment (98 Ϯ 21, 95 Ϯ 15, and 116 Ϯ 10.9 mol/L for C5aRA-treated recipients) remained stable without any further significant increase in serum creatinine. At 14 d, allograft recipients that received C5aRA treatment immediately after transplantation for 6 d showed delayed loss of renal function with a marked increase of serum creatinine (175 Ϯ 25 mol/L). In contrast, recipients that received C5aRA treatment before transplantation showed only moderate serum creatinine elevation (55 Ϯ 6 and 55 Ϯ 3 mol/L) at 14 d. These results suggest that C5aR activation contributes significantly to the loss of renal function in this model of allogenic kidney transplantation.
C5aRA Treatment Markedly Reduced Apoptosis
Organ transplantation is invariably associated with ischemia-induced apoptosis and might contribute to delayed graft function. To detect cell death, we performed a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay ( Figure 4A ). In contrast, initiation of C5aRA treatment before transplantation significantly reduced (P Ͻ 0.01) the frequency of TUNEL-positive cells ( Figure 4B ), indicating the crucial role of C5aR in IR-induced apoptosis. Because the proinflammatory cytokine TNF-␣ is an established inducer of apoptosis 22, 23 and upregulation of TNF-␣ has been demonstrated in IR injury, 24, 25 we investigated the expression of TNF-␣ mRNA in allografts from vehicle-treated recipients compared with those from C5aRA-treated recipients. As expected, we observed a strong transplantinduced upregulation of TNF-␣ mRNA expression in allografts from vehicle-treated recipients at 1 d after transplantation (P Ͻ 0.01 versus control). A similar upregulation of TNF-␣ mRNA expression in allografts from C5aRA-treated recipients was observed (data not shown), suggesting that TNF-␣ is not responsible for the diminished apoptosis in response to C5aRA treatment. 
C5aRA Treatment Attenuated Inflammatory Cell Infiltration
Inflammatory cell infiltration of allografts with host leukocytes is a hallmark of acute allograft rejection; therefore, we performed immunohistochemistry for different leukocyte subsets to elucidate the composition of the cell infiltrates at 6 d ( Figure  5 , A through D). We found significantly reduced amounts of monocytes/macrophage infiltration in allografts from C5aRA-pretreated recipients (P Ͻ 0.05) compared with those from vehicle-treated recipients. No significant differences in the amount of infiltrating neutrophils or CD4 ϩ or CD8 ϩ cells between the groups were observed at 6 d.
C5aRA Treatment Attenuated Upregulation of Chemokines and Adhesion Molecules
To explore the contribution of chemokines to the attenuated monocyte/macrophage infiltration by C5aRA treatment, we investigated MCP-1 expression. Members of the chemokine family play a central role in inflammatory cell infiltration into extravascular sites by attracting and stimulating specific subsets of leukocytes. 26 MCP-1 is an important mediator for monocyte/macrophage recruitment 27 ; therefore, we compared the transplantation-induced changes of MCP-1 mRNA expression in allografts of vehicle-treated recipients with those obtained from C5aRA-pretreated recipients ( Figure 5E ). As expected, low basal expression of MCP-1 mRNA seen in normal mice kidney was strongly upregulated at 24 h after allogeneic kidney transplantation; however, we observed a significant reduction of transplant-induced upregulation of MCP-1 in allografts from C5aRA-compared with vehicle-treated recipients (P Ͻ 0.01).
Similarly, we examined expression of ICAM-1, which plays a crucial role in adhesive interaction between activated endothelium and blood leukocytes. Twenty-four hours after transplantation, strong ICAM-1 upregulation occurred in allografts from vehicle-treated recipients ( Figure 5F ). C5aRA treatment of the recipient significantly reduced ICAM-1 upregulation (P Ͻ 0.05).
Inhibition of C5aR Blocked ICAM-1 Upregulation and Reduced Leukocyte Adhesion In Vitro
The interaction of C5a with C5aR was shown to induce a strong increase in gene expression for cell adhesion molecules in human umbilical vein endothelial cells. 28 To confirm the role of the C5aR pathway for ICAM-1 expression and adhesion of leukocytes, we performed additional in vitro experiments with primary cultures of mouse aortic endothelial cells (MAEC). First, we demonstrated cell surface expression of C5aR on MAEC by immunocytochemistry ( Figure 6A ). When primary antibody was omitted for negative control, no signal was detected (data not shown). Next, we investigated the expression of ICAM-1 after stimulation of cells with murine C5a (mrC5a) for 16 h by cell ELISA. C5a-stimulation significantly induced (P Ͻ 0.05) upregulation of ICAM-1 on MAEC ( Figure  6B ). C5aR belongs to the family of G protein-coupled sevenspan transmembrane receptors that can be blocked by pertussis toxin. 29 Pretreatment of MAEC with pertussis toxin (P Ͻ 0.01 versus cells without pertussis toxin incubation) completely prevented C5a-induced upregulation of ICAM-1, suggesting a role for C5aR in this effect. These results were further corroborated by in vitro experiments that examined PBMC adhesion to the endothelial surface of mouse aortas. Stimulation of mouse aorta with mrC5a induced a significant increase (P Ͻ 0.01 versus control) in adhesion of PBMC. This effect could be completely abolished when aortas were pretreated C5aRA pre-tx for 21d
C5aRA post-tx for 6d
veh icle
C5aRA pre-tx for 6d
C5aRA pre-tx for 21d C5aRA post-tx for 6d Figure 3 . C5aR inhibition caused long-term survival and attenuated loss of renal function after allogeneic kidney transplantation. (A) Survival after allogeneic kidney transplantation in a mouse model. Vehicle treatment (f) caused 100% mortality within 11 d after transplantation. In contrast, C5aR inhibitor treatment initiated before transplantation for 6 (OE) and 21 d (F) caused long-term allograft survival over 12 wk. When C5aRA was initiated after transplantation, no long-term survival was obtained (छ). (n ϭ 10 mice were investigated for each group.) (B) Renal function by serum creatinine measurement. Recipients receiving vehicle treatment (f) and both C5aR inhibitorpretreated groups receiving treatment over 6 d (Ⅺ) or over 3 wk (z) had a similar rise of serum creatinine at 24 h after transplantation, correlating with the early ischemic injury. In contrast, at 6 d after transplantation, significant differences were detected between groups. Vehicle treatment caused a further rise in serum creatinine, whereas C5aR inhibitor-treated recipients remained stable at slightly elevated serum creatinine levels. C5aRA treatment initiated after transplantation (u) and given over 6 d caused a delayed rise in serum creatinine at day 14, indicating delayed rejection with loss of renal function. Data are means Ϯ SEM; **P Ͻ 0.01; ***P Ͻ 0.001.
BASIC RESEARCH www.jasn.org with pertussis toxin (P Ͻ 0.01 versus aortas without pertussis toxin incubation; Figure 6C ). Images of adherent cells are shown in Figure 6 , D through F. Next, we examined the effect of C5aRA on ICAM-1 expression in C5a-stimulated MAEC. Indeed, the pretreatment of MAEC for 3 h with the C5aRA prevented the C5a-induced upregulation of ICAM-1 in MAEC in a dosage-dependent manner, directly verifying the role of C5aR ( Figure 6G) . These results clearly demonstrate that C5aR blockade on endothelial cells impairs upregulation of the ICAM-1 mediating leukocyte adhesion and confirm our in vivo findings.
C5aRA Treatment Attenuates Priming of Alloreactive T Cells
To elucidate further the possible functional effect of C5aR blockade on T lymphocyte priming, we investigated the proliferative response of naive and primed T cells after stimulation with allogenic C57BL/6 splenocytes by performing a mixed lymphocyte reaction (MLR) assay. The responder splenocytes were isolated from naive BALB/c mice, untreated allograft recipients, and C5aRA-treated recipients (treatment was initiated before transplantation) at day 6 after transplantation. Responder splenocytes from all groups were stimulated with allogenic C57BL/6 splenocytes. After co-culture for 48 h, bromodeoxyuridine (BrdU) was added for 16 h; thereafter, BrdU incorporation was measured. Syngenic controls with BALB/c splenocytes as stimulators revealed very low BrdU incorporation. A moderate proliferative response was observed for splenocytes obtained from naive BALB/c mice after stimulation with allogenic C57BL/6 splenocytes, and this response was strongly increased when primed responder cells were obtained from untreated allograft recipients ( Figure 7 ). In contrast, the splenocytes from C5aRA-treated recipients had significantly reduced proliferative response compared with those of untreated recipients (P Ͻ 0.001). This result suggests that C5aR-mediated signaling contributes to alloreactive T cell activation in transplantation.
DISCUSSION
Acute rejection and the initial injury caused by ischemia reperfusion are major determinants of long-term allograft function and survival. Current therapeutic strategies predominantly concentrate on prevention of T cell-mediated cellular rejection. Direct targeting of genes involved in IR injury and inflammation might prove useful to inhibit processes of tissue rejection and irreversible damage.
Complement activation occurs early after IR injury, and the C5a anaphylatoxin generated during complement activation is an important mediator of IR injury and transplant rejection. 18, 30, 31 Furthermore, elevated urinary excretion of C5a has been correlated to renal allograft rejection. 32 C5a is not only a potent neutrophil and macrophage chemoattractant but also recognized as a pleiotropic molecule modulating the activity of many cell types with a broad range of biologic functions via its receptor.
In human protocol biopsies of renal allografts with cellular rejection (Banff IB), we detected C5aR expression on infiltrating cells. A similar C5aR expression pattern was found in a mouse model of acute cell-and antibody-mediated rejection. To explore further the functional role of C5aR in acute kidney allograft rejection, we used a specific C5aRA in the mouse transplant model. C5aRA administration for 6 or 21 d caused similar improvement of long-term survival and renal function, yet this effect was achieved only when C5aRA treatment was started before reperfusion. We speculated that initiation of C5a blockade before reperfusion could reduce transplantation-associated IR injury. In line with this hypothesis, we found significantly reduced numbers of TUNEL-positive cells at posttransplantation day 1 in the C5aRA-pretreated group. This effect was independent of TNF-␣ expression, because we found no differences in TNF-␣ mRNA expression between the C5aRA-and vehicle-treated groups. This result is in line with a study demonstrating that C5 blockade during experimental renal IR injury reduced late apoptosis. 21 The same group also showed that C5aR targeting abrogated upregulation of CXC chemokines but not of TNF-␣. 18 C5-mediated regulation of apoptosis seems to depend on cell types and stress models. In experimental sepsis, C5a inhibited neutrophil apoptosis via phosphatidylinositol-3-kinase signaling and extracellular signal-regulated kinase-signaling pathway, resulting in phosphorylation of Bad and blockade of proteolytic cleavage of caspases. [33] [34] [35] Direct interaction of C5a with members of the caspase family was shown previously in other models. Reduced thymocyte apoptosis by C5a blockade was shown to depend on inhibition of caspase 3, 6, and 9 activation in experimental sepsis. 36 Caspase inhibition by C5aRA treatment might be relevant in our model as well; however, the exact molecular mechanisms underlying the attenuated apoptosis in our model of renal allograft rejection by C5aRA treatment remain to be investigated. Macrophages constitute 40 to 60% of infiltrating cells during acute allograft rejection. 37 In a human kidney transplant biopsy study, macrophage infiltration 3 mo after transplantation correlated inversely with graft survival. 38 Furthermore, macrophage depletion reduced acute rejection in a rat model of allogeneic kidney transplant rejection. 39 Our detailed analysis of the composition of infiltrating cells revealed a significantly reduced monocyte/ macrophage influx into allografts of C5aRA-pretreated recipients, which might have contributed to superior survival after C5aRA treatment in our model.
The migration of inflammatory cells into extravascular sites requires a series of coordinated signals, including the generation of a chemotactic gradient by the cells of the extravascular compartment and upregulation of adhesion molecules on activated endothelium. Strong upregulation of MCP-1 has been demonstrated in animal models during renal ischemia as well as in renal biopsies from patients with acute and chronic renal allograft rejection. 40 In line with this report, we observed a strong upregulation of the proinflammatory mediator MCP-1 in allografts of vehicle-treated recipients, whereas allografts from C5aRA-treated recipients showed significantly decreased renal MCP-1 mRNA expression. This coincides with previous observations in experimental lupus nephritis, in which C5aR blockade reduced proinflammatory cytokine expression. 41 C5a activation is also involved in upregulation of a variety of adhesion molecules on endothelial cells 28 ; therefore, we analyzed expression of ICAM-1 in renal allografts at 1 d after transplantation. Indeed, we could demonstrate that the transplantation-induced upregulation of ICAM-1 mRNA expression observed in allografts from vehicle-treated recipients was strongly attenuated by C5aRA pretreatment. It should be noted that we were not able to detect C5aR expression on the endothelium of renal allografts by immunohistochemistry; however, by performing in vitro experiments with primary MAEC, we could demonstrate C5aR expression on these cells by immunocytochemistry. The divergence of these data might be explained by different antibody-binding specificity. In vitro, we could completely abrogate C5a-induced upregulation of ICAM-1 by pretreating of the cells with either pertussis toxin or C5aRA. In additional experiments, PBMC adhesion to the endothelium of isolated mouse aortas stimulated with C5a was significantly reduced as a result of C5aR inactivation by pertussis toxin. This result supports our in vivo observation that C5aR has a critical role in the transplant-associated upregulation of ICAM-1 and subsequent macrophage infiltration.
New data are emerging on C5a/C5aR-induced DC activation, affecting the diverse range of DC functions relevant to the allospecific T cell response. [42] [43] [44] [45] [46] We were not able to demonstrate C5aR expression on infiltrating CD4 ϩ and CD8 ϩ T lymphocytes in allografts by immunohistochemistry; however, C5aRA treatment (initiated before transplantation) significantly reduced priming of alloreactive T cells in allograft recipients. Such reduced T cell priming by C5aRA may be mediated via the ability of C5a/C5aR to induce tolerogenic DC subsets. 47, 48 Another mechanism linking complement to T cell function is the decay accelerating factor. Decay accelerating factor-regulated IL-12 production and subsequent T cell differentiation into IFN-␥-producing effectors was prevented by the deficiency of either C3aR or C5aR in antigenpresenting cells. 49, 50 Collectively, our data highlight C5aR signaling as an important mediator not only of IR injury but also of the subsequent alloreactive T cell priming leading to allograft rejection.
In summary, we demonstrated a crucial role of activated C5a/C5aR in mediating transplant-induced IR injury and acute allograft rejection. Improved allograft function and survival by pharmacologic inhibition of C5aR includes three important pathways: Ischemia-induced apoptosis, the infiltration of host monocytes/macrophages, and priming of alloreactive T cells. Reduced monocyte/macrophage infiltra- BASIC RESEARCH www.jasn.org tion by C5aRA treatment is mediated by inhibition of renal MCP-1 and ICAM-1 expression, leading to decreased PBMC adhesion to blood vessel endothelium. Targeting the C5aR in patients who receive cadaveric allografts might be considered as novel therapeutic option to prevent delayed graft function and to improve allograft outcome.
CONCISE METHODS
Human Protocol Biopsies
C5aR staining was performed on human protocol biopsies taken as standard of care after kidney transplantation at 6 wk, 12 wk, and 6 mo, respectively. The Hannover protocol biopsy program has been approved by the ethics board of the Hannover Medical School. Protocol biopsies have been classified according to the updated Banff classification 51 by a nephropathologist. For further immunohistologic staining, seven biopsies without any sign of rejection were chosen; 10 biopsies showed acute TCMR (grades Ia and Ib; no borderline cases were included), and nine biopsies showed IF/TA (Banff grades I and II) without active rejection. Cases with TCMR had no simultaneous rise in serum creatinine and could hence be considered as subclinical rejection. All human biopsies were C4d negative. Patient characteristics are shown in Table 1 . Immunohistochemistry for C5aR expression was evaluated on paraffin sections. Anti-human C5aR antibody (CD88 clone S5/1; HyCult Biotechnology, Uden, Netherlands) was used. Semiquantitative classification of C5aR expression was performed as follows: 0, no expression; 1, Ͻ10% of glomeruli or tubuli; 2, 10 to 20% of glomeruli or tubuli; 3, 30 to 50% of glomeruli or tubuli; 4, Ͼ50% of glomeruli or tubuli. The absolute amount of C5aR-positive interstitial infiltrating cells was counted in a high-power field with the densest infiltrate (ϫ40 magnification).
C5aR Antagonist
The C5aRA JPE-1375 was provided by Jerini AG (Berlin, Germany) and has been characterized previously. 52 JPE-1375 is a hexameric linear peptidomimetic molecule (molecular weight 955) that has been used previously in an experimental model of renal fibrosis in mice. 53 Potent inhibition of human C5aR and high activity on murine C5aR makes JPE-1375 particularly suitable for testing in murine models. 52 
Animals
Male inbred C57BL/6 (H2 b ) and female BALB/c (H2 d ) mice were supplied by Charles River (Sulzfeld, Germany) and were housed at the animal facilities of Phenos GmbH (Hannover, Germany) under conventional conditions. Ten-to 12-wk-old mice weighing between 20 and 30 g were used for all experiments. Mice were cared for in accordance with the institution's guidelines for experimental animals. The animal protection committee of the local authorities approved all experiments.
Allogeneic Kidney Transplantation
Vascularized kidney transplantation from C57BL/6 to BALB/c mice was performed as described previously. 54 Briefly, mice were anesthetized with isoflurane, the left donor kidney was attached to a cuff of the aorta and the renal vein with a small caval cuff, and the ureters were removed en block. After left nephrectomy of the recipient, the vascular cuffs were anastomosed to the recipient abdominal aorta and vena cava, respectively, below the level of the native renal vessels. The ureter was directly anastomosed into the bladder. Cold ischemia time was 60 min, and warm ischemia time was 30 min. The right native kidney was removed at the time of allograft transplantation or in the long-term survival studies at posttransplantation day 4. General physical condition of the mice was monitored for evidence of rejection. Treatment of the recipient with C5aRA was started before surgery or immediately after transplantation by intraperitoneal injection once daily. No other immunosuppressive treatment was administered. Four experimental groups were evaluated. The first group (control) received vehicle (saline) treatment over 6 d; the second group received short-term treatment with JPE-1375 1 m/kg body wt initiated before transplantation over 6 d; the third group was treated for 3 wk with JPE-1375 1 mg/kg body wt starting before transplantation; and the fourth group received JPE-1375 1 m/kg body wt over 6 d starting immediately after transplantation, once reperfusion already had occurred. For studying long-term survival, 10 mice per group were followed for 12 wk; six additional mice per group and time point were killed at posttransplantation day 1 and day 6 for histologic and molecular analysis. Six additional mice from the group receiving C5aRA treatment for 21 d were killed after 3 wk. Mice that underwent transplantation were studied for renal function and survival. Serum creatinine levels were measured by an automated method (Beckman Analyzer, Krefeld, Germany).
Mouse Allograft Pathology
Kidney allografts from animal experiments were harvested 24 h or 6 d after transplantation, and one half of each allograft was immediately fixed in buffered formalin and embedded in paraffin. Three-micrometer sections were stained with periodic acid-Schiff stain and evaluated according to the updated Banff classification 55 by a nephropathologist, who was masked to the experimental groups. Immunohistochemistry was performed using the following primary antibodies: Rat anti-mouse monocytes/macrophages (F4/80; Serotec, Oxford, UK), monoclonal rat anti-mouse T lymphocytes (CD4 and CD8; BD Pharmingen, Heidelberg, Germany), monoclonal rat antimouse neutrophils (Gr-1; BD Pharmingen), and polyclonal goat antimouse C5aR (Santa Cruz Biotechnology, Heidelberg, Germany). Stainings were performed on cryosections with Cy2-or Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Lab, West Grove, PA) for fluorescence visualization. Specimens were analyzed without knowledge of the animal assignment. Analysis of infiltrating neutrophils was done by semiquantitative counting of cells in 10 randomly chosen, nonoverlapping fields of cortex and outer medulla, in Gr-1 stained sections (ϫ200 magnification). For monocytes/macrophages (F4/80-positive cells) and subsets of T lymphocytes (CD4 ϩ and CD8 ϩ cells), semiquantitative scoring was done as follows: 0, no;
1, weak (Ͻ10% of the tubulointerstitial infiltrates); 2, moderate (10 to 30%); 3, high (30 to 50%); and 4, very high (Ͼ50%) infiltrating cells. Six mice were analyzed from each group.
TUNEL-Diaminobenzidine Assay
For TUNEL assay, 2 m sections of 4% paraformaldehyde (PFA)-fixed paraffin-embedded tissues were deparaffinized, treated with the terminal deoxynucleotidyl transferase enzyme, and incubated in a humidified chamber at 37°C for 1 h. After washing, the tissue was treated with FITC-labeled anti-digoxygenin, incubated for 60 min, and washed. Negative controls were prepared under the same conditions, with the omission of the terminal deoxynucleotidyl transferase enzyme. TUNEL-positive cell numbers were counted in 20 nonoverlapping view fields per specimen without knowledge of the animal assignment.
RNA Extraction and Real-Time Quantitative PCR
Frozen kidneys were ground in liquid nitrogen, and total RNA was extracted using Trizol reagent (Invitrogen, Karlsruhe, Germany). For real-time quantitative PCR, 1 g of DNase-treated total RNA was reverse-transcribed using Superscript II Reverse transcriptase (Invitrogen), and quantitative PCR was performed on an SDS 7700 system (Applied Biosystems, Darmstadt, Germany) using Rox dye (Invitrogen), FastStart taq Polymerase (Roche Diagnostics, Mannheim, Germany), and gene-specific primers and Fam-Tamra-labeled probes (BioTez, Berlin, Germany). PCR amplification was carried out for 10 min 96°C, and 40 cycles for 10 s at 95°C, and 1 min at 60°C. Mouse-specific primer sequences for MCP-1, TNF-␣, and ICAM-1 were used. ␤-Actin served as the reference gene for normalization. Primer sequences are available on request. Quantification was carried out using qgene software. 56 Five mice were analyzed in each group.
Mixed Lymphocyte Reactivity
Priming of alloantigen-specific T cells from kidney allograft recipients was investigated by performing a MLR assay based on the measurement of BrdU incorporation during DNA synthesis. The responder spleen cells were prepared from naive BALB/c mice or at day 6 after transplantation from untreated or C5aRA-pretreated allograft Figure 7 . Effect of C5aRA on T cell priming. In vitro MLR assay was performed with splenocytes isolated from naive BALB/c mice, untreated recipients, and C5aRA-treated (initiated before transplantation [pre-tx]) recipients of kidney allografts at 6 d after transplantation. Splenocytes of untreated recipients co-cultured with C57BL/6 stimulator cells showed significantly (***P Ͻ 0.001) more proliferation (BrdU incorporation) compared with splenocytes of naive BALB/c mice. Splenocytes of C5aRA-treated recipients showed significantly reduced (***P Ͻ 0.001) proliferative response compared with those of untreated recipients. Experiments were performed in triplicate, and five mice for each group were investigated; data are means Ϯ SEM.
BASIC RESEARCH www.jasn.org recipients. Cells were treated with ammonium chloride solution (CellSystems GmbH, St. Katharinen, Germany) to lyse erythrocytes, washed three times, and resuspended at 3 ϫ 10 6 cells/ml in complete RPMI medium (Life Technologies, Gaithersburg, MD) supplemented with 10% FCS (Sigma-Aldrich, Seelze, Germany), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Aliquots (100 l per well) were delivered into a 96-well, flat-bottom tissue culture plate in triplicate. Stimulator cells were prepared from the spleens of syngeneic mice (i.e., BALB/c) and allograft donors (i.e., C57BL/6). After lysis of erythrocytes, stimulator cells were treated with 50 g/ml mitomycin C for 30 min at 37°C, washed, and resuspended in culture medium at 3 ϫ 10 6 cells/ml. Aliquots (100 l) were co-cultured with responder cells for 48 h. Afterward, BrdU was added, and, 18 h later, responder cell proliferation was quantified using colorimetric Cell Proliferation ELISA kit (Roche Diagnostics) in accordance with the manufacturer's instructions.
MAEC Culture
Isolation of MAEC from 6-to 8-wk-old wild-type mice was performed as described previously. 57 The cells were cultivated in medium consisting of Endothelial Cell Growth Medium 2 (Clonetics/Cambrex, Baltimore, MD) and DMEM (1:1) supplemented with 20% FCS, 100 g/ml endothelial cell growth supplements (Sigma Aldrich), 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, 0.5% nonessential amino acids, and 0.1 mg/ml heparin. MAEC at passage 3 were used for endothelial cell characterization and for all experiments. The endothelial nature of cells was confirmed by the typical cobblestone morphology of confluent monolayers, by Dil-Ac-LDL uptake, and by surface expression of CD31 and CD106 analyzed by immunocytochemistry (data not shown).
MAEC Immunocytochemistry
MAEC were seeded and cultured on glass coverslips. Serum-starved cells were fixed with 4% PFA in PBS for 20 min at room temperature. Nonspecific binding was blocked by 2 h of incubation at room temperature with 3% BSA in PBS, and the preparations were washed three times with PBS. Incubations with primary antibody (rat anti-mouse C5aR clone 20/70; HyCult Biotechnology) were performed for 2 h at room temperature. Incubations with Alexa 488 -conjugated secondary antibodies (Invitrogen, Karlsruhe, Germany) were performed for 1 h. After staining, cells were embedded in Poly-Mount mounting media (Polysciences, Eppelheim, Germany). The fluorescence cell images were captured using a Leica TCS-SP2 AOBS confocal microscope (Leica Microsystems, Wetzlar, Germany). All of the images were taken with oil-immersed ϫ63 objective (NA ϭ 1.4).
ICAM-1 Cell ELISA
Cell surface expression of ICAM-1 on MAEC was measured by cell ELISA as described previously. 58 Briefly, MAEC were grown in 96-well plates until 80% confluent, starved for 4 h, and then stimulated for 16 h with 50 ng/ml recombinant mrC5a (Sigma). The mrC5a concentration was chosen in preliminary experiment ranging from 0.5 to 200.0 ng/ml. For inhibition experiments, MAEC were preincubated for 2 h with 100 ng/ml pertussis toxin (Sigma Aldrich) or with various concentrations of the C5aRA ranging from 1 to 100 g/ml.
MAEC incubated in medium without stimuli served as a control. After fixation with 3% PFA and blocking with 3% BSA to prevent nonspecific binding, the cells were incubated for 2 h with polyclonal rabbit-anti mouse ICAM-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA).The specific binding of antibodies was then evaluated by incubation of cells for 1 h with secondary peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) followed by addition of tetramethylbenzidine substrate solution (R&D, Minneapolis, MN), stopping the reaction with 0.5 M H 2 SO 4 , and measuring the OD at 450 nm. The substrate was then washed away with deionized water, the plate was allowed to dry, and 0.5% trypan blue was added to stain for the number of cells per well. Excess of trypan blue was washed away, and 1% SDS was added to solubilize the trypan blue-stained cells. Each well was then read at 595 nm. The OD of ICAM-1 staining was divided by the OD of trypan blue staining to yield ICAM-1 expression (OD 450/OD 595) for each well.
PBMC Adhesion Assay In Vitro
The adhesion of mouse PBMC isolated by Ficoll-Paque separation to the endothelial surface of mouse aortas was determined by counting adherent cells fluorescently labeled with the acetyloxymethyl ester of calcein (Calbiochem, Bad Soden, Germany). One-to 2-mm pieces of aortas cleaned carefully of periadventitial fat and connective tissue and opened longitudinally were placed adventitia side down on collagen I-coated 96-well plates containing 10 l of endothelial cell basal medium 2 (Clonetics/Cambrex) supplemented with 5% FCS to allow adherence of the aortic pieces to the substratum. When the pieces were well attached (after 4 h), 200 l of endothelial cell basal medium 2 containing 50 ng/ml mrC5a was added. These concentrations were chosen in preliminary experiment ranging from 0.5 to 200.0 ng/ml. For inhibitory experiments, the pieces were preincubated for 2 h with 100 ng/ml pertussis toxin. Aorta pieces incubated in medium alone served as a control. After 16 h, the aorta pieces were washed twice and 100 ϫ 10 3 fluorescently labeled PBMC in 200 l medium were added. The cells were allowed to adhere for 45 min at 37°C. Unbound cells were removed by washing three times. Photographs of aorta pieces were then made using the Leica imaging microscope with the digital image-processing program. The bound leukocytes were counted without knowledge of the group assignment in four different view fields per aorta piece.
Statistical Analysis
Data are shown as means Ϯ SEM. Normal distribution was analyzed by Klomogorov-Smirnov test, and statistical significance was calculated by t test for independent groups. SPSS 12.01 software was used (SPSS, Chicago, IL).
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